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SOLID-STATE RF POWER AMPLIFIER FOR 
RADIO TRANSMITTERS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of Us. patent applica 
tion Ser. No. 12/714,609, ?led on Mar. 1, 2010, which is a 
continuation-in-part of Us. patent application Ser. No. 
11/749,786, ?led on May 17, 2007 (now U.S. Pat. No. 7,683, 
718), which claims the bene?t of Us. Provisional Patent 
Application Ser. No. 60/801 ,006, ?led May 17, 2006 and the 
bene?t of Us. Provisional Patent Application Ser. No. 
60/747,662, ?led May 18, 2006. The respective disclosures in 
the above-referenced applications are incorporated herein by 
reference in their entireties. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to power ampli?ers, and more 

particularly to radio frequency (RF) power ampli?ers 
employing high voltage and high power metal-oxide semi 
conductor ?eld-effect transistors (MOSFET). 

2. Description of Related Art 
High-power RF ampli?ers adapted to operate over a range 

of 1 -60 MHZ without tuning have typically employed vacuum 
tubes. It would be desirable to provide a high-power RF 
ampli?er for operation over a range of 1 -60 MHZ, and which 
employs a minimum number of MOSFET transistors instead 
of vacuum tubes. 

BRIEF SUMMARY OF THE INVENTION 

In accordance with one aspect of the invention, provided is 
an RF power ampli?er including a ?rst ?eld effect transistor 
having a ?rst gate, a ?rst source, and a ?rst drain, having an 
output power rating of at least 200 watts, and operating with 
a drain-to-source voltage that is greater than 50 VDC. The 
ampli?er includes a second ?eld effect transistor having a 
second gate, a second source, and a second drain, having an 
output power rating of at least 200 watts, and operating with 
a drain-to-source voltage that is greater than 50 VDC. The 
transistors are con?gured as a push-pull ampli?er. The ampli 
?er further includes an RF signal input. An input transformer 
is connected to the RF signal input. The input transformer has 
respective balanced outputs connected to the ?rst gate and the 
second gate. A broadband output transformer has a ?rst bal 
anced input connected to the ?rst drain, and a second bal 
anced input connected to the second drain. The broadband 
output transformer has an input to output impedance ratio of 
1:4 and at least some ?ux cancellation occurs within the 
broadband output transformer. Temperature compensating 
bias circuitry provides a temperature compensated bias volt 
age to the ?rst ?eld effect transistor and the second ?eld effect 
transistor for decreasing the bias voltage of the ?rst ?eld 
effect transistor and the second ?eld effect transistor as tran 
sistor temperature increases, in order to maintain a constant 
bias current level over temperature. The temperature compen 
sating bias circuitry includes a temperature sensor generating 
a temperature signal. A ?rst ampli?er has an output providing 
a ?rst temperature dependent voltage based on the tempera 
ture signal. A second ampli?er has an output providing a 
second temperature dependent voltage based on the tempera 
ture signal. The ?rst temperature dependent voltage and the 
second temperature dependent voltage change at substan 
tially the same rate in response to the temperature signal. A 
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2 
potentiometer is connected to the output of the ?rst ampli?er 
and the output of the second ampli?er such that a voltage 
across the potentiometer remains substantially constant when 
the ?rst temperature dependent voltage and the second tem 
perature dependent voltage change. A bias output of the tem 
perature compensating bias circuitry is connected to at least 
one of the ?rst ?eld effect transistor and the second ?eld effect 
transistor and supplies the temperature compensated bias 
voltage to the at least one of the ?rst ?eld effect transistor and 
the second ?eld effect transistor. 

In accordance with another aspect of the invention, pro 
vided is an RF power ampli?er including a ?rst plurality of 
?eld effect transistors having directly interconnected drains 
and respective output power ratings of at least 100 watts, and 
a second plurality of ?eld effect transistors having directly 
interconnected drains and respective output power ratings of 
at least 100 watts. The transistors operate with a drain-to 
source voltage that is greater than 50 VDC. The ?rst plurality 
of ?eld effect transistors and the second plurality of ?eld 
effect transistors together form a push-pull ampli?er having 
an output power rating of at least 400 watts. The ampli?er 
further includes an RF signal input. An input transformer is 
connected to the RF signal input. The input transformer has 
respective balanced outputs connected to the gates of the 
transistors. A broadband output transformer has a ?rst bal 
anced input connected to the drains of the ?rst plurality of 
?eld effect transistors, and a second balanced input connected 
to the drains of the second plurality of ?eld effect transistors. 
The broadband output transformer has an input to output 
impedance ratio of 1:4 and at least some ?ux cancellation 
occurs within the broadband output transformer. Temperature 
compensating bias circuitry provides a temperature compen 
sated bias voltage to the ?rst plurality of ?eld effect transis 
tors and the second plurality of ?eld effect transistors for 
decreasing the bias voltage of the ?rst plurality of ?eld effect 
transistors and the second plurality of ?eld effect transistors 
as transistor temperature increases, in order to maintain a 
constant bias current level over temperature. The temperature 
compensating bias circuitry includes a temperature sensor 
generating a temperature signal. A ?rst ampli?er has an out 
put providing a ?rst temperature dependent voltage based on 
the temperature signal. A second ampli?er has an output 
providing a second temperature dependent voltage based on 
the temperature signal. The ?rst temperature dependent volt 
age and the second temperature dependent voltage change at 
substantially the same rate in response to the temperature 
signal. A potentiometer is connected to the output of the ?rst 
ampli?er and the output of the second ampli?er such that a 
voltage across the potentiometer remains substantially con 
stant when the ?rst temperature dependent voltage and the 
second temperature dependent voltage change. A bias output 
of the temperature compensating bias circuitry is connected 
to at least one of the ?rst plurality of ?eld effect transistors and 
the second plurality of ?eld effect transistors and supplies the 
temperature compensated bias voltage to the at least one of 
the ?rst plurality of ?eld effect transistors and the second 
plurality of ?eld effect transistors. 

In accordance with another aspect of the invention, pro 
vided is an RF power ampli?er including a push-pull ampli 
?er, the push-pull ampli?er comprising a ?rst ?eld effect 
transistor and a second ?eld effect transistor. Temperature 
compensating bias circuitry provides a temperature compen 
sated bias voltage to the ?rst ?eld effect transistor and the 
second ?eld effect transistor for decreasing the bias voltage of 
the ?rst ?eld effect transistor and the second ?eld effect 
transistor as transistor temperature increases. The tempera 
ture compensating bias circuitry includes a temperature sen 
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sor generating a temperature signal. A ?rst ampli?er has an 
output providing a ?rst temperature dependent voltage based 
on the temperature signal. A potentiometer is connected to the 
output of the ?rst ampli?er such that a voltage across the 
potentiometer remains substantially constant when the ?rst 
temperature dependent voltage changes. A bias output of the 
temperature compensating bias circuitry is connected to at 
least one of the ?rst ?eld effect transistor and the second ?eld 
effect transistor and supplies the temperature compensated 
bias voltage to the at least one of the ?rst ?eld effect transistor 
and the second ?eld effect transistor. 

In accordance with another aspect of the invention, pro 
vided is an RF power ampli?er including a push-pull ampli 
?er, the push-pull ampli?er comprising a ?rst ?eld effect 
transistor having a ?rst drain and a second ?eld effect tran 
sistor having a second drain. A broadband output transformer 
has a ?rst balanced input and a second balanced input. A ?rst 
DC-blocking transformer is connected between the ?rst bal 
anced input and the ?rst drain. A second DC-blocking trans 
former is connected between the second balanced input and 
the second drain. 

In accordance with another aspect, provided is an RF 
power ampli?er. The RF power ampli?er includes a ?rst 
ampli?er module and a second ampli?er module. The ?rst 
ampli?er module comprises a ?rst push-pull ampli?er includ 
ing a plurality of ?eld effect transistors and a ?rst output balun 
transformer. An output impedance of the ?rst ampli?er mod 
ule is 25 ohms. The second ampli?er module comprises a 
second push-pull ampli?er including a plurality of ?eld effect 
transistors and a second output balun transformer. The output 
impedance of the second ampli?er module is 25 ohms. A 
combiner is connected to the ?rst ampli?er module and the 
second ampli?er module. The combiner comprises an unbal 
anced-to-unbalanced output transformer having an input-to 
output impedance ratio of 1:4. The combiner combines an 
output from the ?rst ampli?er module and an output from the 
second ampli?er module into a combined signal. The com 
bined signal is supplied to the unbalanced-to-unbalanced out 
put transformer. An output impedance of the combiner is 50 
ohms. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a top-level schematic block diagram of a modular 
RF power ampli?er system; 

FIG. 2 is a schematic circuit diagram of an RF power 
ampli?er module; 

FIG. 2a is a schematic circuit diagram of a portion of FIG. 
2; 

FIG. 3 is a schematic circuit diagram of an RF power 
ampli?er module; 

FIG. 4 is a schematic circuit diagram of temperature com 
pensating bias circuitry for an RF power ampli?er module; 

FIG. 5 is a schematic circuit diagram of temperature com 
pensating bias circuitry for an RF power ampli?er module; 

FIG. 6 is a schematic circuit diagram of an RF power 
ampli?er module; 

FIG. 7 is a schematic diagram of DC-blocking transform 
ers for an RF power ampli?er module; 

FIG. 8 is a schematic circuit diagram of an RF power 
ampli?er module; 

FIG. 9 is a schematic circuit diagram of temperature com 
pensating bias circuitry for an RF power ampli?er module; 

FIG. 10 is a schematic circuit diagram of an RF power 
ampli?er module 

FIG. 11 is a schematic circuit diagram of an RF power 
ampli?er; and 
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4 
FIG. 12 is a schematic circuit diagram of an RF power 

ampli?er. 

DETAILED DESCRIPTION OF THE INVENTION 

As used herein, the terms “connected” and “connected to” 
refer a physical and/or electrical joining or linking of one 
thing to another, and includes direct and indirect connections. 
For example, an ampli?er can be connected to an RF signal 
input by direct electrical connection between the ampli?er 
and input, or connected to said input via an indirect electrical 
connection, such as through an interposing resistor or capaci 
tor. In the former case, the ampli?er is directly connected to 
the input. In the latter case, the ampli?er is indirectly con 
nected to the input. However, in both cases, the ampli?er is 
connected to the RF input. 

FIG. 1 shows a top level schematic block diagram of a 
modular RF power ampli?er system. The ampli?er system 
includes an RF input terminal 10 and an RF output terminal 
11. In an embodiment, the characteristic impedance of the 
input and output terminals is 50 ohms. The terminals 10, 11 
can be adapted for use with removable connectors. For 
example, the terminals 10, 11 can include a BNC or SMA 
female connector for removably connecting to a BNC or 
SMA male connector, respectively. 
An RF signal to be ampli?ed by the ampli?er system is 

provided at the RF input terminal 10. The RF signal is split by 
splitter 12 into separate signals to be ampli?ed by a number of 
power ampli?er modules 13a-13d. In the example of FIG. 1, 
four power ampli?er modules 13a-13d are provided. There 
fore, the splitter 12 splits the RF signal into four separate 
signals. It is to be appreciated that fewer than four power 
ampli?er modules could be provided, such as two or three 
ampli?er modules, for example. It is to be further appreciated 
that greater than four power ampli?er modules could be pro 
vided, such as six or eight ampli?er modules, for example. 
The splitter 12 is designed to split the RF input signal into as 
may separate signals as there are power ampli?er modules. 
The splitter 12 can include a cascade of separate splitters for 
staged splitting of the RF input signal into a number of sepa 
rate signals. 
The power ampli?er modules 13a-13d amplify the sepa 

rate signals from the splitter 12 according to the power ratings 
of the ampli?er modules 13a-13d. In an embodiment, each 
power ampli?er module 13a-13d has a power rating of 400 
watts. A modular RF power ampli?er system employing four 
400 watt power ampli?er modules would provide approxi 
mately 1600 watts of total ampli?cation. In another embodi 
ment, each power ampli?er module 13a-13d has a power 
rating of 600 watts. A modular RF power ampli?er system 
employing four 600 watt power ampli?ers would provide 
approximately 2400 watts of total ampli?cation. In still 
another embodiment, each power ampli?er module 13a-13d 
has a power rating of 1200 watts. A modular RF power ampli 
?er system employing four 1200 watt power ampli?ers would 
provide approximately 4800 watts of total ampli?cation. In 
still another embodiment, each power ampli?er module 1311 
13d has a power rating of 1500 watts. A modular RF power 
ampli?er system employing four 1500 watt power ampli?es 
would provide approximately 6000 watts of total ampli?ca 
tion. As discussed above, fewer than four power ampli?er 
modules could be provided or greater than four power ampli 
?er modules could be provided. The number of power ampli 
?er modules to be used and their power ratings can be chosen 
based on the required power output. 

Example power ampli?er modules 13a-13d are shown in 
FIGS. 2 and 3 and are discussed in detail below. In an embodi 
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ment, each power ampli?er module 13a-13d is provided on a 
separate printed circuit board. In other embodiments, a plu 
rality of ampli?er modules are provided on one or more 
printed circuit boards. 

Outputs from each of the power ampli?er modules 13a-13d 
are provided to a combiner 14. In the example of FIG. 1, four 
power ampli?er modules 13a-13d are provided and the com 
biner 14 combines the four outputs from the ampli?er mod 
ules into a single, combined RF output. The combiner 14 is 
designed to combine as many signals as there are power 
ampli?er modules. The combiner 14 can include a cascade of 
separate combiners for staged combining of the ampli?ed 
signals into a combined signal. As shown in FIG. 1, the RF 
output from the combiner 14 is provided to the RF output 
terminal 11. 
An RF power ampli?er could comprise a single ampli?er 

module, rather than a plurality of modules 13a-13d as shown 
in FIG. 1. An RF power ampli?er having a single ampli?er 
module would not require the splitter 12 and combiner 14. 

FIG. 2 shows a push-pull power ampli?er module 21. Tran 
sistors Q1 and Q2 form a push-pull pair for amplifying an RF 
signal. 
The components that form the ampli?er module 21 can be 

mounted on a printed circuit board 22. The ampli?er module 
includes an RF input terminal 23 and an RF output terminal 
24. In an embodiment, the characteristic impedance of the 
module’s input and output terminals is 50 ohms. The termi 
nals 23, 24 can be adapted for use with removable connectors, 
such as BNC or SMA connectors, for example. 
An RF signal to be ampli?ed by the ampli?er module 21 is 

provided at the RF input terminal 23. The RF signal is trans 
mitted to an input transformer T1. The transformer T1 has an 
unbalanced or single-ended side, which is connected to the 
RF input terminal 23. The unbalanced or single-ended side is 
coupled to a balanced or differential side of the transformer 
T1. The transformer T1 is shown as a so-called conventional 
transformer, having separated primary and secondary wind 
ings. It is to be appreciated that the transformer T1 could be 
constructed as a transmission line transformer, which does 
not have separated primary and secondary windings. An 
optional ground reference is provided for the transformer’s 
balanced or differential side via a resistor R1 . The transformer 

T1 has an input to output impedance ratio of 4: 1, for example, 
and serves to divide the unbalanced RF signal into balanced 
signals, 1800 out of phase, for ampli?cation by the push-pull 
transistor pair Q1, Q2, and subsequent combination. It is to be 
appreciated that the transformer T1 could have an input to 
output impedance ratio of other than 4: 1, such as 1:1.414, 1:9, 
1:25, 3 :2, etc. Further, it is to be appreciated that a so-called pi 
attenuator or pi input attenuator (not shown) comprising a 
plurality of resistors in a Greek letter “pi” con?guration could 
be provided between the RF input terminal 23 and the trans 
former T1, for normalizing gain of the ampli?er module 21. 
Other attenuators could be provided between the RF input 
terminal 23 and the transformer T1, such as an L attenuator or 
a T attenuator, for example. 

The input transformer T1 is shown as an unbalanced-to 
balanced transformer. However, it is to be appreciated that T1 
could alternatively be a balanced-to-balanced transformer. 
An optional compensation capacitor C1 is connected 

across the balanced terminals of the transformer T1 and pro 
vides a low-pass ?lter response which absorbs the inductance 
of T1 and helps compensate for a loss of gain at higher 
frequencies. 

The transistors Q1, Q2 that form the push-pull pair are 
high-voltage MOSFET RF power transistors. The transistors 
Q1, Q2 have output power ratings of at least 150 watts, 
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6 
preferably at least 200 watts, and operate with a drain-to 
source voltage that is greater than 50 VDC, such as 62 VDC, 
72 VDC, 86 VDC, 96 VDC or 100 VDC, for example. 
Example transistors Q1, Q2 have output power ratings of 150 
watts, 300 watts, and 750 watts. An example 150 watt tran 
sistor is model ARF520 manufactured by ADVANCED 
POWER TECHNOLOGY®. A further example 150 watt 
transistor is model SD3931 manufactured by STMICRO 
ELECTRONICS®. An example 300 watt transistor is model 
SD3933 manufactured by STMICROELECTRONICS®. An 
example 750 watt transistor is model ARE 1 500 manufactured 
by ADVANCED POWER TECHNOLOGY®. It is to be 
appreciated that transistors having output power ratings other 
than 150 watts, 300 watts, and 750 watts can be used in an 
ampli?er module as shown in FIG. 2. For example, 200 watt 
transistors can be used in the ampli?er module. 
An ampli?er module 21 as shown in FIG. 2, having 150 

watt transistors Q1, Q2 forming a push-pull pair, can have a 
power rating of 300 watts.An ampli?er module 21 having 300 
watt transistors Q1, Q2 forming a push-pull pair, can have a 
power rating of 600 watts.An ampli?er module 21 having 750 
watt transistors Q1, Q2 forming a push-pull pair, can have a 
power rating of 1500 watts. It is to be appreciated that the 
power rating of the ampli?er module depends on the power 
rating of the selected transistors and the drain-to-source volt 
age at which the transistors are operated. Further, it is to be 
appreciated that ampli?er modules of various power ratings 
can be constructed. 
The balanced signals from the transformer T1 are respec 

tively provided to the gates of the transistors Q1, Q2. One 
balanced signal is provided to the gate of transistor Q2 
through a coupling capacitor C2 and a resistor R2, for ampli 
?cation by the transistor Q2. The other balanced signal is 
provided to the gate of transistor Q1 through a coupling 
capacitor C3 and resistor R3, for ampli?cation by the transis 
tor Q1. In an embodiment, capacitors C2 and C3 are each 
formed by two paralleled 47 nF capacitors and resistors R2 
and R3 are each formed by four paralleled 15 ohm resistors. 
A DC bias voltage for the gate of transistor Q2 is provided 

at BIAS2. The bias voltage is provided to the gate of transistor 
Q2 through an RF choke RFC2 and resistor R4. A capacitor 
C4 is connected to the RF choke RFC2 and resistor R4, and 
also to ground, and provides a low impedance path to ground 
for high frequency signals. In an embodiment, the RF choke 
RFC2 has a value of 10 pH. The DC bias voltage for the gate 
of transistor Q2 can be provided by a temperature compen 
sating bias circuit. 

Similarly, a DC bias voltage for the gate of transistor Q1 is 
provided at BIASl. The DC bias voltage BIASl is provided 
to the gate of transistor Q1 through an RF choke RFC1 and 
resistor R5. A capacitor C5 is connected to the RF choke 
RFC1 and resistor R5, and also to ground. The capacitor C5 
provides a low impedance path to ground for high frequency 
signals. In an embodiment, the RF choke RFC1 has a value of 
10 pH. The DC bias voltage for the gate of transistor Q1 can 
be provided by a temperature compensating bias circuit. Tem 
perature compensating bias circuits are shown in FIG. 4, FIG. 
5 and FIG. 9 and are discussed further below. 

In an embodiment, capacitors C4 and C5 are each formed 
by two paralleled 47 nF capacitors and resistors R4 and R5 are 
each formed by four paralleled 110 ohm resistors. 
The gates of the transistors Q1, Q2 are respectively con 

nected to ground through resistors R7 and R6, which provide 
a discharge path for the charge on the gates when DC bias is 
removed, and provide a solid ground reference for the DC 
bias voltages for the gates. The respective sources of transis 
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tors Q1 and Q2 are directly connected to ground. In an 
embodiment, resistors R6 and R7 each have a value of 10 kn. 
As shown in FIG. 2, a DC power source that is greater than 

50 VDC is connected to the drain of each transistor Q1, Q2 
through a common mode choke T2. Coils L1 and L2 of the 
common mode choke T2 are connected such that magnetic 
?ux is cancelled during each RF cycle, to minimize the net 
?ux inside of the choke and, therefore, minimize the size of its 
core. A coil L3, which is an additional winding of the com 
mon mode choke, provides a negative feedback signal from 
the DC feed structure. Coil L3 can be provided by a single 
turn through the center of the core of the common mode choke 
T2. Negative feedback serves to lower the input impedance 
and to stabilize the ampli?er’s gain over its frequency range. 
A feedback path for the gate of transistor Q1 is provided 
through a network that includes resistor R9 and either capaci 
tor C7 or optionally capacitor C9. A feedback path for the gate 
of transistor Q2 is provided through a network that includes 
resistor R10 and either capacitor C8 or optionally capacitor 
C10. In an embodiment, capacitors C7 and C8 are each 
formed by two paralleled 47 nF capacitors while capacitors 
C9 and C10 are not used, and resistors R9 and R10 are each 
formed by four paralleled 36 ohm resistors. 

It is to be appreciated that coil L3 may be omitted and that 
negative feedback may be taken directly from the drains of the 
transistors Q1 and Q2. In such a con?guration, the feedback 
resistors R9 and R10 will be made physically larger because 
the voltage at the drains is proportionally larger by the wind 
ing ratio of coil L3 to T2. More speci?cally, the voltage from 
coil L3 is proportional to the ratio of L3 turns divided by the 
sum of the turns of coils L1 and L2 times the RF drain-to 
drain voltage applied to the primary low impedance side of 
transformer T3 (transformer T3 is discussed in detail below). 
For example if coil L3 is one turn and L1 and L2 are each eight 
turns, the voltage available from L3 is 1/16 of the drain-to 
drain RF voltage. 

The DC power source is connected to the common mode 
choke T2 through a network that includes inductors L4 and 
L5, a capacitor C6 and a resistor R8. The inductors L5 and L6 
provide a high impedance to RF signals and a short circuit for 
the DC power source. RF signals are decoupled from the DC 
power source by conduction to ground through the resistor R8 
and the capacitor C6. Inductors L4 and L5 can be ferrite bead 
inductors. In an embodiment, inductor L5 is a wound ferrite 
core with a value of 10 pH, and capacitor C6 is formed by six 
paralleled 47 nF capacitors. In addition to capacitor C6, simi 
lar grounded capacitors can be provided between inductor L4 
and the DC power source, and between inductor L5 and the 
common mode choke T2. If, in addition to capacitor C6, 
similar grounded capacitors are provided between inductor 
L5 and common mode choke T2, then resistor R8 can be 
omitted. Sometimes, in an effort to increase isolation between 
the drains, the common DC feed point terminal of the com 
mon mode choke T2 is split, and each winding is fed by 
identical decoupling networks similar to inductor L5, resistor 
R8, capacitor C6, and inductor L4. In such a con?guration, 
the resistors need to be twice the value of resistor R8 because 
they are AC paralleled. If in addition to capacitor C6 similar 
grounded capacitors are used at the DC feed terminals of the 
common mode choke T2, the resistors can be omitted. 
A broadband transmission line output transformer T3 is 

connected to the drain of each transistor Q1, Q2 and combines 
the ampli?ed RF signals from each transistor Q1, Q2. The 
transformer T3 is a balanced-to-balanced transformer having 
respective balanced inputs 25, 26 connected to the drains of 
the transistors Q1, Q2. In FIG. 2, balanced input 25 is directly 
connected to the drain of transistor Q1, and balanced input 26 
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is directly connected to the drain of transistor Q2. However, it 
is to be appreciated that DC-blocking capacitors could be 
provided between the balanced inputs 25, 26 and the drains of 
the transistors Q1, Q2. The transformer T3 has an input to 
output impedance ratio of 1:4 and performs an impedance 
matching function. In an embodiment, the characteristic 
impedance of the transistor output circuitry is 12.5 ohms. The 
transformer T3 combines the outputs from the transistors Q1, 
Q2 and steps the characteristic impedance of the circuit up to 
50 ohms. 

Transformer T3 can be constructedusing suitable cores, for 
example, toroid or ferrite tube cores, and coaxial cables hav 
ing a characteristic impedance of approximately or exactly 25 
ohms. Each coaxial cable can be wound on its own core. 25 
ohms is the geometric mean of a 12.5 ohm input and a 50 ohm 
output. Performance of the transformer T3 is enhanced when 
the characteristic impedance of the transformer’s cables is the 
geometric mean of the input and output impedances. In an 
embodiment, the transformer T3 includes coaxial cables hav 
ing a characteristic impedance of 25 ohms, a size 16 AWG 
stranded center conductor, TEFLON® insulation between an 
outer braid and the center conductor, and an insulating jacket. 
The 25 ohm transmission line used to construct the trans 
former T3 can also be constructed by paralleling standard 50 
ohm coaxial cable. Further, the transmission line used to 
construct the transformer T3 may be constructed from paral 
lel magnet wire or parallel twisted TEFLON®-insulated 
wire. 
As stated above, the transformer T3 is a balanced-to-bal 

anced transformer. There is essentially zero net ?ux within 
the cores of the transformer T3 because the currents in its 
transmission lines travel in opposite directions, which gives 
rise to identical ?uxes of opposite sense. It is to be appreciated 
that in a balanced-to-unbalanced or unbalanced-to-unbal 
anced transformer, the ?ux cancellation is not as complete. 
Therefore, the cores of the transformer T3 can be made 
smaller than those used in a balanced-to -unbalanced or unbal 
anced-to -unbalanced transformer. Smaller transformer cores 
allow for shorter windings, thereby increasing the high fre 
quency response of the transformer T3. Also, smaller trans 
former cores can accommodate a greater number or windings, 
resulting in increased inductance, which extends the lower 
frequency range of the transformer, such as to 1 MHz for 
example. In an embodiment, transformer T3 has an operating 
frequency range of 1-60 MHz. 
One bene?t of using a 1:4 impedance ratio transmission 

line transformer as an RF output transformer, as shown in 
FIG. 2, is that such a transformer is less dif?cult to construct 
than other transformers. A transformer having a 1:4 imped 
ance ratio has an integer turns ratio of 1:2 and, therefore, does 
not require a winding tap. Such a transformer is less difficult 
to construct than a transformer having an impedance ratio of 
1:2, which has a non-integer turns ratio of 1:1.414. However, 
in order to utilize a 1 :4 impedance ratio transformer as an RF 
output transformer in a 600 watt push-pull ampli?er module, 
transistors that operate with a drain-to-source voltage that is 
greater than 50 VDC must be used, rather than conventional 
50 VDC MOSFETs. 
An optional compensation capacitor C11 is connected 

across the balanced input terminals 25, 26 of the transformer 
T3, and provides a low-pass ?lter response by absorbing the 
inductance of T3 and any output capacitance of the transistors 
Q1, Q2. This helps compensate for gain slope reduction at the 
high end of the ampli?er module’s frequency range. 
The balanced outputs of transformer T3 are connected to an 

optional output balun transformer T4 through DC-blocking 
capacitors C12, C13. Capacitor C12 is connected between 
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one output of transformer T3 and one input of balun trans 
former T4. Capacitor C13 is connected between the other 
output of transformer T3 and the other input of balun trans 
former T4. The capacitors C12, C13 and balun transformer 
T4 are connected in series between transformer T3 and the RF 
output terminal 24. In the embodiment of FIG. 2, the capaci 
tors C12, C13 are located at the output, 50 ohms side of 
transformer T3, and between transformer T3 and balun trans 
former T4. By locating the DC-blocking capacitors at the 
output, 50 ohms side of transformer T3, rather than at the 
input side, the capacitors C12, C13 can be designed to handle 
a lower current. Such capacitors may be less expensive than 
capacitors designed to handle a higher current. The optional 
output balun transformer T4 has an impedance ratio of 1:1 
and is connected to RF output terminal 24. In an embodiment, 
the output balun transformer T4 is constructed using 50 ohm 
coaxial cable and a ferrite core. Alternatively, transformer T4 
may be formed by paralleled magnet wire or by parallel or 
twisted TEFLON®-insulated wire. By locating the 
DC-blocking capacitors C12, C13 between transformers T3 
and T4, the RF output terminal 24 can be directly connected 
to the output balun transformer T4 and installed directly on a 
ground plane 27 of the printed circuit board 22. It is to be 
appreciated that the output balun transformer T4 is optional 
and can be omitted in some applications. However, omitting 
the output balun transformer T4 may result in reduced ef? 
ciency and/or increased intermodulation distortion (IMD). 
A further schematic view of the broadband output trans 

former T3, the DC-blocking capacitors C12, C13, and the 
output balun transformer T4 is provided at FIG. 2a. In FIG. 
2a, the broadband output transformer T3 and output balun 
transformer T4 are schematically shown as comprising 
coaxial cables. The output balun transformer T4 is shown 
having a coaxial cable shield connected to ground and a 
coaxial cable center conductor connected to the RF output 
terminal 24. It is to be appreciated that the output balun 
transformer T4 can be reversely connected, so that the coaxial 
cable shield is connected to the RF output terminal 24 and the 
coaxial cable center conductor connected to ground. The high 
impedance output side of the broadband output transformer 
T3 is connected the output balun transformer T4 through the 
DC-blocking capacitors C12, C13. In FIG. 2a, at the high 
impedance output side of transformer T3, the coaxial cable 
center conductors are shown as directly connected together, 
and the coaxial cable shields are connected to respective 
DC-blocking capacitors C12, C13. It is to be appreciated that 
the high impedance output side of transformer T3 can be 
reversely connected, so that its coaxial cable shields are 
directly connected together, and the coaxial cable center con 
ductors are connected to respective DC-blocking capacitors 
C12, C13. 

In an embodiment, capacitors C12 and C13 are each 
formed by six paralleled 47 nF capacitors. 

FIG. 3 shows another embodiment of a push-pull ampli?er 
module 31. Various components shown in FIG. 3 are dis 
cussed above with respect to FIG. 2. Such components are 
referenced in FIG. 3 by identical reference characters as used 
in FIG. 2 and are not discussed in detail below. 
A plurality of transistors having grounded sources and 

directly interconnected drains form each half of the push-pull 
ampli?er. For example, two transistors Q3, Q4 form the 
“push” half of the ampli?er and two transistors Q5, Q6 form 
the “pull” half of the ampli?er. The transistors Q3-Q6 can 
have output power ratings of at least 100 watts and operate 
with a drain-to-source voltage that is greater than 50 VDC. An 
example 100 watt transistor is model ARF463 manufactured 
by ADVANCED POWER TECHNOLOGY®. An ampli?er 
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module 31, having four 100 W transistors Q3-Q6 can have a 
power rating of 400 W. An ampli?er module 31 having four 
150 watt transistors Q3-Q6 can have a power rating of 600 
watts. An ampli?er module 31 having four 300 watt transis 
tors Q3-Q6 can have a power rating of 1200 watts. In addi 
tional embodiments, each half of the push-pull ampli?er 
includes more than two transistors. It is to be appreciated that 
ampli?er modules of various power ratings can be con 
structed, based on the power rating of the selected transistors, 
the drain-to-source voltage at which the transistors are oper 
ated, and the number of transistors provided in each half of the 
push-pull ampli?er. 
An RF signal to be ampli?ed by the ampli?er module 31 is 

provided at the RF input terminal 23. The RF signal is trans 
mitted to the transformer T1 and split into balanced RF sig 
nals at the output of transformer T1. 
The balanced RF signals from transformer T1 are respec 

tively provided to transformers T5 and T6. Transformers T5 
and T6 are so-called Type 1 Splitters, which further split the 
RF signals. The respective split signals from transformer T5 
are provided to transformers T7 and T8, which are impedance 
matching transformers having an input-to-output impedance 
ratio of, for example, 1:4. The RF signal that is output from 
impedance matching transformer T7 is provided to the gate of 
transistor Q3 through DC-blocking capacitor C21 and resis 
tor R21. Similarly, the RF signal that is output from imped 
ance matching transformer T8 is provided to the gate of 
transistor Q4 through DC-blocking capacitor C22 and resis 
tor R22. In an embodiment, the DC-blocking capacitors C21 
and C22 are each formed by two paralleled 47 nF capacitors. 
The respective split signals from transformer T6 are pro 

vided to impedance matching transformers T9 and T10. The 
RF signal that is output from impedance matching trans 
former T9 is provided to the gate of transistor Q5 through 
DC-blocking capacitor C23 and resistor R23. Similarly, the 
RF signal that is output from impedance matching trans 
former T10 is provided to the gate of transistor Q6 through 
DC-blocking capacitor C24 and resistor R24. In an embodi 
ment, the DC-blocking capacitors C23 and C24 are each 
formed by two paralleled 47 nF capacitors. 

It is to be appreciated that a splitter utiliZing resistors for 
further splitting the RF signals from transformer T1 could be 
used, rather than a Type 1 Splitter and impedance matching 
transformers as shown in FIG. 3. 
A DC bias voltage for the gate of transistor Q3 is provided 

at BIAS3 and through a resistor R25, for example, a 159 
resistor. A capacitor C25, for example, a 47 nF capacitor, 
provides a low impedance path to ground for high frequency 
signals. A DC bias voltage for the gate of transistor Q4 is 
provided at BIAS4 and through a resistor R26, for example, a 
159 resistor. A capacitor C26, for example, a 47 nF capacitor, 
provides a low impedance path to ground for high frequency 
signals. A DC bias voltage for the gate of transistor Q5 is 
provided at BIAS5 and through a resistor R27, for example, a 
159 resistor. A capacitor C27, for example, a 47 nF capacitor, 
provides a low impedance path to ground for high frequency 
signals. A DC bias voltage for the gate of transistor Q6 is 
provided at BIAS6 and through a resistor R28, for example, a 
159 resistor. A capacitor C28, for example, a 47 nF capacitor, 
provides a low impedance path to ground for high frequency 
signals. 

Feedback signals are provided from the common mode 
choke T2 via coil L3 through resistors R27 and R28. It is to be 
appreciated that negative feedback could be taken directly 
from the drains of the transistors Q3 -Q6, which would require 
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physically larger dissipation resistors R27, R28. In an 
embodiment, resistors R27 and R28 are each formed by two 
paralleled 430 ohm resistors. 

Resistors R29-R34 are balancing resistors for absorbing 
amplitude imbalance between the signal splitter outputs due 
to production tolerances. The resistors R29-R34 also help to 
maintain correct input port impedance, contributing to a low 
voltage standing wave ratio (VSWR). In an embodiment, 
resistors R29 and R32 are each formed by two paralleled 51 
ohm resistors, and resistors R30, R31, R33, and R34 are each 
formed by two paralleled 15 ohm resistors. 

Resistors R35-R38 provide discharge paths for the charge 
on the gates when DC bias is removed, and provide solid 
ground references for the DC bias voltages for the gates. In an 
embodiment, resistors R35-R38 each have a value of 10 kn. 

The drains of transistors Q3 and Q4 are interconnected or 
directly connected together and are directly connected to an 
input 26 of transformer T3. The drains of transistors Q5 and 
Q6 are also interconnected or directly connected together and 
are directly connected to an input 25 of transformer T3. The 
“push” signal from transistors Q3 and Q4 are combined with 
the “pull” signal from transistors Q5 and Q6 by transformer 
T3. 

FIG. 4 shows temperature compensating bias circuitry 40 
for DC biasing the transistors that form the push-pull ampli 
?ers discussed herein. In the ampli?er shown in FIG. 2, the 
DC bias voltage from the temperature compensating bias 
circuitry 40 would be provided at BIASl and BIAS2. In the 
ampli?er shown in FIG. 3, the DC bias voltage from the 
temperature compensating bias circuitry 40 would be pro 
vided at BIAS3 through BIAS6. 

The temperature of the transistors in the push-pull ampli 
?ers will increase during operation of the ampli?ers. To main 
tain a linear transistor operation at a constant idle point (bias 
current level), the temperature compensating bias circuitry 40 
reduces the bias voltage of the transistors as their temperature 
increases. In an embodiment, the temperature compensating 
bias circuitry 40 is designed to reduce the bias voltage at a rate 
of 6.35 mV/o C. 

The temperature compensating bias circuitry 40 includes a 
temperature sensor Q41. The output of the temperature sensor 
Q41 changes with temperature. The temperature sensor Q41 
can be mounted so as to sense the temperature of the transis 
tors in the push-pull ampli?er. For example, the temperature 
sensor Q41 can be attached to a heat sink for the transistors. In 
FIG. 4, the temperature sensor Q41 is a transistor and the 
temperature sensor provides a decreasing temperature signal 
level (e.g., —2.1 mV/0 C.) as temperature increases. Alterna 
tively, the temperature sensor could provide an increasing 
temperature signal level (e.g., 10 mV/0 C.) as temperature 
increases. An example temperature sensor is a TIP31C power 
transistor. Another example temperature sensor is a tempera 
ture sensor integrated circuit (IC), such as an LM35 sensor 
from NATIONAL SEMICONDUCTOR®. It is to be appre 
ciated that other types of temperature sensors could be incor 
porated into the temperature compensating bias circuitry 40, 
such as resistive temperature devices (RTDs) or thermistors 
for example, and that the temperature compensating bias 
circuitry can include a plurality of temperature sensors 
mounted at different locations on or around the push-pull 
ampli?er. 

The temperature compensating bias circuitry 40 further 
includes a ?rst ampli?er U41, a second ampli?er U42, a 
plurality of resistors R41-R51, and a potentiometer R52. The 
?rst and second ampli?ers U41, U42 can be operational 
ampli?ers, such as the LM324A op-amp. The wiper of the 
potentiometer R52 provides a bias output to supply the tem 
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perature compensated DC bias voltage to the transistors of the 
push-pull ampli?er (not shown in FIG. 4). In an embodiment, 
the potentiometer R52 is a 5 k9 potentiometer. Multiple 
potentiometers can be paralleled to provide individual bias 
control to each transistor in the push-pull ampli?er. The ?rst 
ampli?er U41 is con?gured to provide a ?rst temperature 
dependent voltage to the potentiometer R52 based on the 
temperature signal from the temperature sensor Q41. The 
second ampli?er U42 is con?gured to provide a second tem 
perature dependent voltage based on the temperature signal to 
the potentiometer R52 through resistor R46. The ?rst tem 
perature dependent voltage and the second temperature 
dependent voltage change at substantially the same rate in 
response to the temperature signal. For example, both of the 
?rst temperature dependent voltage and the second tempera 
ture dependent voltage decrease at a rate of 6.35 mV/o C. 
Although the outputs of the ampli?ers U41, U42 change with 
increasing temperature, the voltage across the potentiometer 
remains substantially constant, which allows the full 6.35 
mV/o C. voltage reduction to be provided, at any physical 
setting of the potentiometer, as reduced bias voltage to the 
push-pull ampli?er’ s transistors (rather than a voltage divided 
percentage of 6.35 mV/o C. as established by the wiper setting 
of the potentiometer R52). An example ?rst temperature 
dependent voltage from the ?rst ampli?er U41 is 5.0 volts at 
25° C. minus 6.35 mV/o C. An example second temperature 
dependent voltage from the second ampli?er U42 is 2.0 volts 
at 250 C. minus 6.35 mV/o C. 
An example value for resistors R41, R42, R45 and R48 is 

10.0 kn. An example value for resistor R43 is 16.6 kQ. An 
example value for resistor R44 is 24.9 kQ. An example value 
for resistor R46 is 1 k9. An example value for resistor R47 is 
430 kQ. An example value for resistor R49 is 4.99 kQ. An 
example value for resistor R50 is 2 k9. An example value for 
resistor R51 is 3.3 kQ. A 5V input is shown as provided to 
resistors R43, R47 and R50. The 5V input can be a program 
mable reference voltage and is not limited to 5V. In an 
embodiment, the 5V input is provided by an adjustable pre 
cision voltage reference, such as an LM385 available from 
NATIONAL SEMICONDUCTOR®. 

FIG. 5 shows a further example of temperature compen 
sating bias circuitry 50 for DC biasing the transistors that 
form the push-pull ampli?ers discussed herein. The bias cir 
cuitry 50 includes an adjustable precision voltage reference 
D51 and a temperature sensor Q51. With a 12VDC supply 56 
as shown, the bias circuitry is con?gured to supply a substan 
tially constant 2.5 VDC across potentiometers R5211 and 
R521), while the ?rst temperature dependent voltage 53 is 5 .0 
volts at 250 C. minus 6.35 mV/o C. and the second tempera 
ture voltage 54 is 2.0 volts at 250 C. minus 6.35 mV/o C. 
Supply 56 voltages other than 12 VDC (e. g., 8VDC) could be 
used by the bias circuitry 50. The bias circuitry 50 includes 
two bias outputs BIASl, BIAS2 for supplying the tempera 
ture compensated DC bias voltage to the transistors of the 
push-pull ampli?er (not shown in FIG. 5). Example compo 
nent values for resistors and capacitors in the bias circuitry 50 
are shown in the ?gure. In FIG. 5, ampli?ers U41 and U42 
feed transistors Q53 and Q54, respectively, rather than feed 
ing the potentiometers R5211 and R521) directly. Transistors 
Q53 and Q54 are con?gured as followers and allow the ampli 
?ers U41 and U42 to supply the necessary current when 
multiple potentiometers are used. An optional diode D52 is 
provided at the output of ampli?er U42 to compensate for any 
ambient temperature-induced changes in the operation of the 
transistors Q53 and Q54. Multiple diodes can be used instead 
of a single diode D52 as shown, to compensate for ambient 
temperature-induced changes in the operation of other com 
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ponents, such as changes in the operation of the diodes 
located between the potentiometers R5211, R521) and the bias 
outputs BIAS1, BIAS2. 

The temperature compensating bias circuitry 50 of FIG. 5 
includes an ampli?er U51 that generates a temperature output 
signal 55. The temperature output signal 55 transmits the 
temperature of the RF power ampli?er module and can be 
monitored by a remote device and/or used to display a current 
temperature of the RF power ampli?er module. The bias 
circuitry 50 can be con?gured so that the temperature output 
signal 55 increases at a constant rate, such as 50 mV/° C., or 
decreases at a constant rate over a voltage range (e.g., 0-5 
VDC) corresponding to a temperature range (e.g., 2° C.-102° 
C.). The bias circuitry 50 can further be con?gured so that the 
temperature output signal 55 increases or decreases at a con 
stant rate per bit of an analog to digital (A/ D) converter (e.g., 
1° F. per bit for an 8 bit ND). In FIG. 5, the temperature output 
signal 55 is con?gured to be 5 VDC at 11.5° F. and 0 VDC at 
266.5° F., which is 1° F. per bit for an 8 bit ND. It is to be 
appreciated that the ampli?er U51 can be con?gured to gen 
erate a positive going signal suitable for display on an analog 
meter. 

The temperature compensating bias circuitry 50 of FIG. 5 
further includes an ampli?er U52 (e.g., an operational ampli 
?er) con?gured as a comparator that controls activations of 
transistor Q52 based on the temperature signal from the tem 
perature sensor Q51. When the temperature exceeds a set 
point or limit established by the voltage divider consisting of 
the 18K and 11.5K resistors, the comparator output causes the 
transistor Q52 to conduct. This generates a high temperature 
alarm on a T LIMIT line 57, to signal an off board controller 
(not shown) that a fault condition exists and that corrective 
action needs to be taken. A TRANSISTOR DUMP line 58 
allows the off board controller to deactivate the transistors of 
the push-pull ampli?er. The off board controller can deacti 
vate the transistors of the push-pull ampli?er based on moni 
tored parameters, such as the temperature of the ampli?er 
module. In the event of any fault, it is desirable for the RF 
transistors to stop amplifying as soon as possible. One way to 
do this is to shut the transistors off by removing bias and 
discharging the gates as soon as possible. Activation of a 
dump transistor Q55 pulls the gates of the push-pull ampli?er 
to ground through 109 resistors, which limit the discharge 
current to a safe level that will not damage transistor Q55. 

It is to be appreciated that the use of quad op-amp ICs in the 
temperature compensating bias circuitry 50 will provide 
ampli?ers U41, U42, U51 and U52 in a single package. The 
marginal cost increase of a quad op-amp IC versus a dual 
op-amp IC is typically small. Therefore, although ampli?ers 
U51 and U52 are optional elements of the temperature com 
pensating bias circuitry 50, their addition should not increase 
the co st of the circuitry 50 very much, rendering the tempera 
ture output and the temperature alarm signals inexpensive to 
generate. 

FIG. 9 shows a further example of temperature compen 
sating bias circuitry 90 for DC biasing the transistors that 
form the push-pull ampli?ers discussed herein. The bias cir 
cuitry 90 in FIG. 9 includes a temperature sensor IC 91 rather 
than using a transistor as a temperature sensor. The tempera 
ture sensor IC 91 provides an increasing temperature signal 
level as the temperature of the RF module increases (e.g., 10 
mV/° C.). The bias circuitry 90 processes the increasing tem 
perature signal level from the temperature sensor IC 91 to 
provide the DC bias outputs BIAS1 and BIAS2 for the tran 
sistors in the push-pull ampli?ers (not shown), the tempera 
ture output signal 55, and the high temperature alarm 57. As 
compared to the bias circuitry 50 shown in FIG. 5, transistors 
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Q53 and Q54 are omitted from the bias circuitry 90 shown in 
FIG. 9. However, the wipers of the potentiometers R5211, 
R52!) are connected to transistors Q92 and Q93, which func 
tion as followers and generate the DC bias outputs BIAS1, 
BIAS2. The emitters of the follower transistors Q92, Q93 are 
grounded through a low value resistor to provide a low imped 
ance source characteristic that provides low IMD. Further, in 
the bias circuitry 90 of FIG. 9, the dump transistor Q55 is 
connected to the “+” terminal of ampli?er U41. When the 
dump transistor Q55 is activated by the TRANSISTOR 
DUMP line 58, it essentially forces ampli?er U41 to reduce 
its output to 0V, causing the voltage at the bias outputs to drop 
to a very low value below the gate threshold voltage of the 
push-pull ampli?er transistors. The gates of the RF MOS 
FETs in the push-pull ampli?ers then discharge through gate 
resistors (e. g., see resistors R6 and R7 in FIG. 2). Because the 
transistor followers allow a very large amount of current to be 
applied to the RF transistor gate resistors, the gate resistors 
can be changed to a much lower value (example from IOKQ 
to 4709 or even 1009) to decrease the discharge time of the 
RF transistor gates. The added bene?t of the lower value gate 
resistor is an improvement in the IMD of the ampli?er mod 
ule. 

FIG. 6 and FIG. 8 show modi?cations of the push-pull 
power ampli?er module 21 of FIG. 2. Various components 
shown in FIG. 6 and FIG. 8 are discussed above with respect 
to FIG. 2. Such components are referenced in FIG. 6 and FIG. 
8 by identical reference characters as used in FIG. 2 and are 
not discussed in detail below. 

In FIG. 6, the DC-blocking capacitors C12, C13 are 
replaced with DC-blocking transformers T61 and T62, and 
the common mode choke T2 is omitted. The DC-blocking 
capacitors C12, C13 can be a source of failure in the power 
ampli?er module 21 when they are subject to very high RF 
currents. Performance and reliability of the power ampli?er 
module 21 canbe improved by using DC-blocking transform 
ers rather than capacitors. 
The DC-blocking transformers T61, T62 are respectively 

connected between the drains of transistors Q1 and Q2 and 
the balanced inputs 25, 26 of the broadband output trans 
former T3. A negative feedback signal from the DC feed 
structure is provided by the DC-blocking transformers T61, 
T62 as shown. The negative feedback can be provided by a 
single turn of wire through the centers of the cores of the 
DC-blocking transformers T61, T62. See FIG. 7, which pro 
vides a schematic diagram of the DC-blocking transformers 
T61, T62. 

Optional matching coils LM1 and LM2 can be located 
between the DC-blocking transformers T61, T62 and the 
drains of the transistors Q1, Q2, and optional capacitors C61 
and C62 can be located across the respective inputs of the 
DC-blocking transformers T61, T62. A bypass capacitor C63 
can be located at the DC power source. Optional capacitor C6 
provides further bypassing and can help improve balance of 
the system. 

FIG. 7 schematically shows the construction of the DC 
blocking transformers T61, T62. The DC-blocking trans 
formers can be formed by winding coaxial cables 71, 72 on 
respective cores 73, 74. In an embodiment, the coaxial cables 
have a characteristic impedance of 25 ohms, which is twice 
the drain-drain differential impedance of the transistors Q1, 
Q2. Connections to the center and shield conductors of the 
coaxial cables 71, 72 are shown in FIG. 7. The center and 
shield conductors are further identi?ed in FIG. 6 by “C” and 
“S”, respectively. The negative feedback loop 75 is also 
shown in FIG. 7. It is to be appreciated that the center and 
shield connections can be transposed, and that the construc 








